Short-term (15-min-duration) and long-term (5-to 6-day-duration) test procedures have been developed for determining the efficiency of the removal of bacteriophage 4X174 by air-sterilizing filters. These procedures were sensitive enough to measure a 108-fold reduction in the number of bacteriophage. A filter commonly used in industrial air sterilizations (Domnick-Hunter Bio-X borosilicate glass) effected a 108-fold removal of viable phage in both short-term and long-term tests. A prototype low-flux, hollow-fiber membrane gave similar results; however, a prototype high-flux, hollow-fiber membrane removed only about 99.999% of the bacteriophage in short-term tests.
High microbiological purity of process streams is required in applications such as clean rooms for pharmaceutical operations, sterile hoods for the manipulation of sensitive or hazardous biological materials, and bioreactors, including tissue culture reactors, fermentors, and some enzyme reactors. In many fermentation processes, large amounts of air are required and the process times are long (15) . Low-level contamination is accepted in some industrial processes, including yeast propagation for beverage and fuel ethanol production (7) . However, overgrowth of a contaminating organism because of a high growth rate, early entry, or high concentration may result in loss of the batch. Bacteriophage contamination of fermentation processes is a particular problem because of the rapid multiplication of bacteriophages. For example, a single host-specific bacteriophage with a burst of 150 phage per cell every 15 min theoretically could lyse a 1,000-liter bacterial culture (generation time of 30 min) of 1010 cells per ml in less than 1.5 h. To prevent such contamination, bacteriophage present in ambient air must be removed or inactivated.
Filtration is the most economical and prevalent method of air sterilization, as it was over 30 years ago (9, 13) . Standard methods for measuring performance of air-sterilizing filters are forward flow testing (9) , mineral oil or dioctyl phthalate aerosol challenge (10) , and bacteriophage challenges (4, 6, 12, 14, 17, 18, 21, 22) . If removal of viruses is the goal, bacteriophage may be the most realistic challenge. Most viral challenge tests that have been developed include the generation of an aerosol containing viruses and measurement of the concentration of viruses in the air stream before and after it passes through the filter. There are reports on the testing of air filters with animal viruses (8, 22) ; however, more reproducible assays using bacteriophages have been developed (6, 16-18, 21, 23) . Quantitation of downstream radioactivity after filters are challenged with radiolabelled coliphage T-2r provides a sensitive assay (18) ; however, it has the disadvantages that hazardous aerosols are produced and the viability of the phages is not measured. Other phage systems that have been used to measure filter performances include coliphage S-12, actinophage Si, and coliphages T5 and T7 (6, 16, 17, 21, 23) .
The most widely used bacteriophage for aerosol challenges of air filters is coliphage Ti. Ti is approximately 50 by 150 nm in size (12) . A 106_ to 107-fold reduction in Ti concentration has been observed at a challenge of 2.8 x 1010 PFU/ml in tests of HEPA filters (14) . Ti aerosols at up to 1011 PFU/liter have been generated inside autoclaves to test autoclave vent filters (4). Ti has not been detected in exhaust from a Pall 9-ft2 (ca. 1-M2), 0.2-,um-pore-size Emflon filter when challenged at 1 standard cubic foot per minute (ca. 3 x 10-2 m3) with a total of 2.5 x 1010 PFU (9). Test results published by a filter manufacturer demonstrate 104-to 106-fold reduction in viable bacteriophage after a challenge with up to 1.6 x 109 PFU (3). The actual efficiencies of the test filters are greater than those calculated, since penetration was not detected. A 108-fold reduction in the number of Ti has been demonstrated by using borosilicate glass filters (if efficiency is calculated as described below in Materials and Methods) (2) .
If the effectiveness of a filter is determined primarily by the size of the particle, a small phage should provide a greater challenge than a large one. The icosahedral coliphage 4X174, which is 27 nm in diameter and has a total mass of 6.2 x 106 Da, was selected for this study primarily because of its small size and roughly spherical shape (12, 19) . 4X174 is a single-stranded DNA phage that has no membrane envelope. The burst of each host cell approximately 16 min after infection yields 150 to 200 infectious virions (20) . Particles of this size are in the most penetrating particle size range for at least one type of air-sterilizing membrane (11) .
The first objective of this research project was to develop a method for rigorously challenging air filters in both shortterm and long-term tests with aerosols containing high concentrations of coliphage (X174. The second objective was to measure phage removal efficiencies of filters that are commonly used in industrial air sterilization systems and of prototype polysulfone hollow-fiber filters (provided by Permea, Inc.) using the 4X174 system. g/liter) with 1 (BIO-X model MER1). A single-filter element was used for this study and was sterilized as described above. This type of filter element is commonly used in fermentation applications. The manufacturer certifies that each element has a maximum penetration of less than 0.001% of dioctyl phthalate droplets in the 0.1-to 0.3-pum-diameter size range (2) . Filter 4 was a 47-mmdiameter, 5.0-p.m-pore-size Nylon 66 disc filter (Micron Separations, Inc., catalog no. N50SP04700) enclosed in a reusable polysulfone housing (Nalgene). The housing was autoclaved and a new membrane was inserted before each trial.
MATERIALS AND METHODS
Short-term test procedure. The evaporation tank, impingers, and all sterilizable components were autoclaved at 121°C for 30 min. Impingers contained 50 or 100 ml of sterile phage buffer. Early experiments used 100 ml of phage buffer; in later experiments, the volume was reduced to 50 ml. Impingers were sampled prior to the initiation of the experiment to confirm sterility. The nebulizer was filled with 5 ml of phage buffer, and then airflow was started and valves were adjusted to attain the indicated flowrates. After 5 min of buffer nebulization, the nebulizer was emptied and refilled with 5.0 ml of phage lysate. In early runs, the lysate was nebulized for 15 min, and then airflow was stopped. In some VOL. 58, 1992 tests, two 5-mi lysate charges were nebulized for 10 to 15 min each in an attempt to increase challenge levels. To increase the sensitivity for detection of phage that penetrated the filter, five 1.0-ml aliquots of the solution from the postfilter impinger were titered.
In some tests of filter 4, the membrane disc filters were assayed for viable phage instead of an upstream impinger being assayed to determine challenge levels. After the challenge was completed, the filters were removed from the housing, placed in a sterile culture plate with 4 ml of phage buffer, and gently stirred to recover the phage. After 15 min, an aliquot was titered. In separate experiments, the percentage of recovery of~X174 applied to filter 4 was measured. The recovery of virus applied to the filter was 85 to 90%.
Long-term test procedure. Long-term tests were conducted for 5 to 6 days, during which time the nebulizer was filled with 5 ml of phage lysate once a day, as described above for short-term tests. To minimize evaporation, airflow rates between nebulizations were reduced to about 10% of those used during a nebulization. For long-term tests, an additional impinger was connected in parallel with the downstream impinger. After completing a typical short-term test, one of the downstream impingers was removed and the phage buffer was titered. During this test (the equivalent of the short-term test described above), the flow of filtered air was through only one impinger. After this impinger was removed, flow was through the second downstream impinger for the duration of the long-term test.
Quantitation of phage concentration. For solutions expected to contain significant numbers of phage, 0.1-ml samples from appropriate 10-fold serial dilutions of the sample were mixed with 0.3 ml of host cells undergoing exponential growth and 2.5 ml of 45°C soft agar (Luria broth with 0.7% Difco agar and 1.0 mM MgCl2). The contents of the tube were mixed and quickly poured into a 100-mm-diameter culture plate containing 20 ml of solidified medium (Luria broth with 1.5% Difco agar). For solutions expected to contain low numbers of phage, the above procedure was modified so that 1.0 ml of undiluted test solution and 4.0 ml of soft agar were added to host cells and poured onto agar plates. After incubation of the plates at 37°C, plaques could be counted in 5 to 7 h. Phage concentration (titer) was calculated by multiplying the number of plaques per plate by the dilution factor, and the results were expressed as PFU per milliliter. Plaque size varied from 4 to 8 mm; the mean plaque size was about 6 mm. There was no significant difference in plaque size or number when agar concentration was varied between 0.5 and 0.7%. This experiment was done to mimic the variation in final agar concentration caused by differences in phage sample volume.
Calculation of filter efficiency. The phage challenge (CH) was calculated as: CH = tUvJUlfd (1) where t,, is the titer in the upstream impinger, vu is the volume of buffer in the upstream impinger, ft is the airflow rate through the upstream impinger, andfd is the airflow rate through the downstream impinger. The concentration of phage in the air upstream of the filter (C") was calculated as: 
For tests in which an upstream impinger was not used but a membrane disc was washed with buffer to recover filtered phage, the upstream phage concentration was calculated as above, except that the impinger volume of 50 to 100 ml was replaced with the 4-ml buffer wash volume. In these tests, the total challenge was the sum of all recovered phage.
Calculation of removal efficiency in long-term tests by the procedure described above was problematic because of effects of variation of airflow rates. Airflow rates between challenges may have fluctuated with changes in air pressure, and it was difficult to set the airflow accurately at very low levels. For long-term tests, phage removal efficiency (R,) was calculated as: RI = 100[1 (tdvdIt,v,)I (5) This method assumed equal airflow through both impingers, which was usually true for the duration of the experiment.
RESULTS AND DISCUSSION Phage removal by filters. A variety of filters were subjected to short-term tests of viral retention ability. As expected, penetration was detected in all challenges of 5.0-,um-poresize Nylon 66 filters (filter 4) ( Table 1) . Removal efficiencies ranged from 20 to 99.999%. Penetration was also detected in four of six short-term tests of filter 1, the high-flux, hollowfiber membrane (Table 2) . Removal efficiencies ranged from >99.98 to 99.999%. Since penetration was detected in a number of tests, the challenge level was sufficient to assess the performance of this filter. Results of tests of filter 2 (low-flux, hollow-fiber membrane) are given in Table 3 (short-term tests) and Table 4 (long-term tests). In the single short-term test in which penetration was detected, the removal efficiency was 8 orders of magnitude. The penetration detected was two plaques on one of five replicate plates and was probably contamination from the work area. Penetration was not detected in long-term tests. Since penetration was detected only once, it is likely that the removal efficiency of this membrane was greater than 8 orders of magnitude and that this procedure was not sensitive enough to determine the actual efficiency. Results of tests of filter 3 (borosilicate glass) are given in Table 5 (short-term tests) and Table 6 (long-term tests). Removal efficiencies of up to >99.999998% were obtained in short-term tests. Penetration was detected in one of the seven short-term tests. Penetration was not detected in either of the two long-term tests, and removal efficiencies were greater than 8 orders of magnitude. Since penetration was detected only once for filter 3, this method was not capable of determining the true removal efficiency. Particle size. One objective of this study was to produce a stream of viable, dry, individual virion particles from a high-titer phage lysate. There were at least four factors that affected the particles: initial droplet size, average number of virions per droplet, droplet evaporation rate, and loss of viability on nebulization and drying. Ideally, the droplet size would be such that there was on average less than one virion per droplet and the droplet would evaporate prior to contact with the test filter, with no viability loss on nebulization and drying. The diameter of the droplets dispersed by the nebulizer was estimated by the manufacturer of the device to be 0.3 to 5.0 l.m under the conditions of these experiments and was not measured in these experiments. With this assumption of droplet sizc, the number of virions per droplet for the range of lysate titers used in this work was determined. For a lysate titer of 109, the average number of virions per droplet was 1.4 x 10-5 and 0.065 with droplets of 0.3-and 5.0-p.m diameter, respectively. For a lysate titer of 10", the average number of virions per droplet was 1.4 x 10-3 and 6.5 with droplets of 0.3-and 5.0-p.m diameter, respectively. Thus, aerosol droplets were likely to contain on average less than one virion per droplet. The residence time of a droplet in the test system ranged from 3.9 to 21 s, with the majority of experiments having a residence time of 18 to 21 s. It was assumed that the droplets were dry when they contacted the test filter. Visual observation supported this assumption. As expected, penetration was detected in each trial of membranes with large pores (5.0-p.m pore size; filter 4). Permea filter 1, the high-flux unit, delivered a reduction of up to 5 orders of magnitude in the concentration of 4X174, allowing detectable penetration of the filter in 66% of the trials. The low-flux Permea membrane, filter 2, delivered a reduction of up to 8 orders of magnitude in the concentration of 4X174 in short-term tests and a reduction of up to 7 orders of magnitude in long-term tests. Penetration was not usually detected (and those rare instances were probably attributable to contamination of the plates rather than actual penetration); therefore, the actual removal was probably greater than 108-fold for the short-term test and 107-fold for the long-term test.
The Domnick Hunter borosilicate glass filter, filter 3, delivered a reduction up to 108-fold in the concentration of 4X174 in both short-term and long-term tests. Although penetration was detected in one of the seven short-term tests with 4X174, it was probably an artifact. The filter appears to be capable of reducing phage concentrations by at least 8 orders of magnitude.
Conclusions. The procedure described here using 4XX174 aerosols to challenge air sterilization filters was capable of determining removal efficiencies as high as previously published efficiencies for protocols using much larger phages. In addition, the long-term test more closely simulating industrial applications was capable of determining removal efficiencies of 8 orders of magnitude. Such high efficiencies of removal are necessary to prevent infection of large fermentors by viruses. Two filters tested by the procedure described here appeared capable of providing 108-fold removal of very small viruses from air. One was the Domnick Hunter borosilicate glass filter; the other was a prototype, low-flux, hollow-fiber filter (Permea, Inc.).
